Abstract During endochondral bone formation, chondrocytes and osteoblasts synthesize and mineralize the extracellular matrix through a process that initiates within matrix vesicles (MVs) and ends with bone mineral propagation onto the collagenous scaffold. pH gradients have been identified in the growth plate of long bones, but how pH changes affect the initiation of skeletal mineralization is not known. Tissuenonspecific alkaline phosphatase (TNAP) degrades extracellular inorganic pyrophosphate (PP i ), a mineralization inhibitor produced by ectonucleotide pyrophosphatase/ phosphodiesterase-1 (NPP1), while contributing P i from ATP to initiate mineralization. TNAP and NPP1, alone or combined, were reconstituted in dipalmitoylphosphatidylcholine liposomes to mimic the microenvironment of MVs. The hydrolysis of ATP, ADP, AMP, and PP i was studied at pH 8 and 9 and compared to the data determined at pH 7.4. While catalytic efficiencies in general were higher at alkaline pH, PP i hydrolysis was maximal at pH 8 and indicated a preferential utilization of PP i over ATP at pH 8 versus 9. In addition, all proteoliposomes induced mineral formation when incubated in a synthetic cartilage lymph containing 1 mM ATP as substrate and amorphous calcium phosphate or calcium-phosphate-phosphatidylserine complexes as nucleators. Propagation of mineralization was significantly more efficient at pH 7.5 and 8 than at pH 9. Since a slight pH elevation from 7.4 to 8 promotes considerably more hydrolysis of ATP, ADP, and AMP primarily by TNAP, this small pH change facilitates mineralization, especially via upregulated PP i hydrolysis by both NPP1 and TNAP, further elevating the P i /PP i ratio, thus enhancing bone mineralization.
Introduction
During endochondral bone formation, chondrocytes and osteoblasts synthesize and mineralize the extracellular matrix [1] through a process that starts within matrix vesicles (MVs) as the sites of initiation of hydroxyapatite (HA) deposition and ends with bone mineral propagation onto the collagenous scaffold. The phosphatases tissuenonspecific alkaline phosphatase (TNAP, EC 3.1.3.1) and ectonucleotide pyrophosphatase/phosphodiesterase-1 (NPP1, EC 3.6.1.9) have been implicated in MV-mediated calcification [2] .
TNAP is confined to the cell surface of osteoblasts and chondrocytes, including the membranes of their shed MVs [3] . Several studies have proposed a phosphate-generating function for TNAP, producing inorganic phosphate (P i ) needed for HA crystallization [4] , while others have proposed that TNAP's role is to hydrolyze the mineralization inhibitor inorganic pyrophosphate (PP i ) [5] to facilitate mineral precipitation and growth [6] , a conclusion supported by our own work [7, 8] . Hence, by hydrolyzing extracellular PP i , a proper concentration of this mineralization inhibitor is maintained to allow normal bone mineralization.
PP i is generated by the ectonucleotide pyrophosphatase/ phosphodiesterase (NPP) family of isozymes. NPP1 is plasma membrane-bound, whereas autotaxin (NPP2) is secreted and B10 (NPP3) is abundant in intracellular spaces [9] . All three isozymes are expressed in a wide variety of tissues, including bone and cartilage [10] ; and they have the common ability to hydrolyze diesters of phosphoric acid into phosphomonoesters. NPP1 is highly abundant on the surfaces of osteoblasts and chondrocytes as well as on the membrane of their MVs, and it has a role in inhibiting HA precipitation by its PP i -generating property [11] . However, NPP1 can also act as a phosphatase [12] , and we have shown that it can generate P i from both ATP and PP i in the MV microenvironment [13, 14] .
Initiation of biomineralization occurs in a microenvironment which determines the biological properties and physiological interplay between MV-associated enzymes and proteins. Recent data [15] suggest that the location of TNAP on the membrane of MVs plays a role in determining substrate selectivity in this microcompartment, suggesting that assays of TNAP bound to MVs or to liposome systems might be more relevant than assays done with solubilized enzymes, particularly when studying the hydrolysis of organophosphate substrates. The ability of synthetic or natural vesicles [16, 17] to mimic the structure and function of biomembranes makes these structures an advantageous and convenient model to help us advance our understanding of MV-mediated calcification. Simão et al. [14] reconstituted either TNAP or NPP1 or both together into liposome membranes and evaluated their synergistic and/or antagonistic activity, at physiological pH, when presented with physiological substrates relevant to the biomineralization process.
In addition to biophysical factors, it has been shown that pH may play a regulatory role during the mineralization process [18] [19] [20] . Since the hydrolysis of ATP, ADP, AMP, and PP i by TNAP and NPP1 critically contributes to bone formation and since these enzymes show an alkaline pH optimum [14, 21, 22] , we have studied the hydrolysis of these phospho substrates by proteoliposomes harboring TNAP and/or NPP1 at slightly alkaline pH (pH 8 vs. 9) and compared our findings with data obtained at physiological pH. Our results show that even modest pH elevations have a strong impact on the phospho substrate hydrolysis rate.
Previous studies discovered a nucleational core that drives mineral formation by native MVs [23, 24] . Components identified to be essential were amorphous calcium phosphate (ACP) and its combined form with phosphatidylserine (PS), the calcium-phosphate-lipid complexes (PS-CPLX). Here, we have also examined the effects of ACP and PS-CPLX for their ability to modulate mineral formation induced by proteoliposomes containing either TNAP, NPP1, or both together when incubated in a synthetic cartilage lymph (SCL) carefully constructed to contain physiological levels of electrolytes and substrates.
Materials and Methods
Cell Culture and Preparation of Membrane Fractions Rich in TNAP and NPP1 Cells were prepared and cultured according to Simão et al. [25] . A plasmid containing rat NPP2 N-terminal signal peptide (33 residues) connected to the residues of mouse NPP1 (residues 85-905) was kindly provided by Dr. M. Bollen [26] . A glycosylphosphatidylinositol (GPI)-anchored form of mouse NPP1 was produced and expressed as described [14] . Membrane-bound TNAP and NPP1 were obtained from 14-day primary osteoblast cultures or from transfected COS-1 cells, respectively, as described [14] .
Solubilization and Partial Purification of GPI-Anchored
Enzymes with Polyoxyethylene-9-lauryl ether (Polidocanol) Membrane-bound enzymes (0.2 mg/mL total protein) were solubilized with 1 % polidocanol (w/v, final concentration) for 2 h, with constant stirring, at 25°C. After centrifugation at 100,0009g for 1 h at 4°C, detergent-free solubilized enzymes were obtained using 200 mg of Calbiosorb resin and 1 mL of polidocanol-solubilized enzyme (*0.03 mg of protein/mL), as previously described [27] . All protein concentrations were estimated in the presence of 2 % (w/v) SDS [28] . Bovine serum albumin was used as a standard.
Liposome Preparation and Incorporation of GPIAnchored TNAP and NPP1 into Liposomes Dipalmitoyl phosphatidylcholine (DPPC) liposomes and DPPC proteoliposomes containing TNAP, NPP1 or TNAP ? NPP1 were prepared as previously described [14] .
Enzymatic Assays
For ATP, ADP, AMP, and PP i hydrolysis, phosphomonohydrolase activities were assayed discontinuously, at 37°C, by measuring the amount of P i liberated, as before [29] , adjusting the assay medium to a final volume of 
Measurement of Nucleotide Hydrolysis by HPLC
Hydrolysis of ATP and ADP by proteoliposomes was determined at 37°C in 50 mM AMPOL buffer, pH 9, containing 2 mM MgCl 2 and substrate. Reactions were started by the addition of enzyme, and at predetermined intervals, samples were removed and immediately quantified. Nucleotides were separated and quantified by HPLC, injecting a 20-lL aliquot of the sample into a C 18 reversedphase column (Shimadzu, Kyoto, Japan) and eluting it at 1.5 mL/min, with the mobile phase consisting of 50 mM potassium-phosphate buffer (pH 6.4), 5 mM tetrabutylammonium hydrogen sulfate, and 18 % (v/v) methanol. A 260 nm was continuously monitored, and nucleotide concentrations were determined from the area under the absorbance peaks [14] .
Synthesis of ACP and PS-CPLX
The synthesis of ACP and PS-CPLX was done according to the method described by Genge et al. [32] . An emulsion of PS was prepared by drying 1.25 mg of PS in chloroform under N 2 to form a thin film in a test tube. Then 2 mL of the P i -rich intracellular phosphate (ICP) buffer was added. This buffer, which modeled the electrolyte composition of ultrafiltrates of the intracellular fluid of growth plate chondrocytes [33] , contained 106.7 mM K ? , 45.1 mM Na ? , 1.5 mM Mg 2? , 115.7 mM Cl -, 23.0 mM P i , 10 mM HCO 3 -, 1.5 mM SO 4 2-, and 3.1 mM N 3 -as a preservative; its total molarity was 153.3 mM, and its pH was 7.2. The tube was sonicated for 2 min at 25°C to form a uniform translucent emulsion of small unilamellar vesicles. For example, to make the nucleators, 17.5 lL of 100 mM CaCl 2 was added to 1 mL of the PS emulsion with rapid stirring. On the addition of Ca 2? to ICP buffer, ACP instantly forms because of the high Ca 2? 9 P i ion product; and during this formative period, nascent ACP combines with the PS liposomes to form the insoluble PS-CPLX, which is then harvested by centrifugation for 5 min at *15,0009g. The pellets were resuspended in 1 mL of 16.5 mM Tris buffer, pH 8, by brief sonication to yield uniform suspensions. In some experiments, PS was omitted and the 100 mM CaCl 2 stock was added into the ICP buffer with rapid stirring to form ICP-based ACP. These procedures model the processes that occur in growth plate chondrocytes, where intracellular Ca 2? levels increase dramatically at sites of MV formation [34] .
Microplate Mineralization Assay with Proteoliposomes TNAP, NPP1, and TNAP ? NPP1 proteoliposomes were incubated in SCL containing ACP or PS-CPLX, at three different pHs (7.5, 8, and 9) . SCL contained 2 mM Ca [35] . Empty liposomes without incorporated enzymes were used as control. Mineral formation was measured by turbidity (i.e., absorbance) at 340 nm (A 340 nm ) using a multiwell microplate assay system described by Genge et al. [36] . Triplicate samples (100 lL) of each were successively distributed into wells of a 96-well microplate. Turbidity measurements were made after brief (10 s) agitation, after 48 h of incubation at 37°C, using a Molecular Devices (Sunnyvale, CA) M3 microplate reader. All measurements were performed in triplicate. Statistical comparisons were done by one-way ANOVA, followed by Tukey's test. p \ 0.05 was considered significant.
Results
Since the optimum pH for the activity of TNAP and NPP1 is alkaline [14, 21, 22] , we compared the effects of slightly alkaline pH (pH 8 vs. 9) with those obtained at physiological pH [14] on the hydrolysis of the physiological substrates ATP, ADP, AMP, and PP i by proteoliposomes harboring TNAP alone, NPP1 alone, or both together. Tables 1 and 2 summarize the kinetic parameters obtained at pH 8 and 9, respectively. Figures 1 and 2 illustrate how the activities depend on substrate concentration, at pH 8 and 9, respectively. The highest hydrolysis rate (V m ) for TNAP and for NPP1 proteoliposomes was found for AMP at pH 9 and for PP i at pH 8, respectively. At pH 9, similarly to what happens at pH 7.4 [14] , the K 0.5 values were quite different ( Table 2 ). The catalytic efficiencies (k cat /K 0.5 ) were also lower for NPP1 proteoliposomes compared with TNAP proteoliposomes for all substrates at both pHs, pointing to a major role of TNAP in the hydrolysis of these substrates (Tables 1 and 2 ). Hence, the activity patterns of TNAP, NPP1, and TNAP ? NPP1 proteoliposomes at alkaline pHs suggested a predominant activity of TNAP in mixed vesicles when compared with NPP1. The catalytic efficiencies at pH 9 were only higher for the hydrolysis of AMP, largely due to the lower K 0.5 at this pH ( Table 2 ). The catalytic efficiencies of ATP, ADP, and PP i hydrolysis by NPP1 were considerably higher at pH 8 (Table 1) .
When the hydrolysis rates, affinities, and catalytic efficiencies were reported relative to the corresponding values at physiological pH (Table 3) , we could calculate a pH 8/7.4 and pH 9/7.4 ratio for each parameter, allowing normalized efficiency comparisons, relative to the previously determined values [14] . Affinity constants were minimally affected from pH 7.4 to 8 but increased considerably when the pH was increased to 9 (Table 3) . Despite relative higher hydrolysis rates (V m ) at pH 9 compared to pH 8, the catalytic efficiencies were considerably higher at pH 8 relative to the values at pH 7.4. Catalysis was noncooperative during ATP hydrolysis at both alkaline pHs by all proteoliposomes (Tables 1 and 2 ), in contrast to the positive cooperativities observed at physiologic pH [14] . Hydrolysis of PP i showed no cooperative regulation at pH 9, but positive cooperativity was observed at pH 8 for proteoliposomes harboring NPP1 (Tables 1 and 2 ). K 0.5 values were quite similar at alkaline pHs (Tables 1 and 2 ) but higher than the values at pH 7.4 [14] . Surprisingly, an increase in the hydrolysis rates and catalytic efficiencies was observed for NPP1 proteoliposomes at pH 8 compared to pH 7.4 [14] (Table 3) .
Thus, comparing the differences in the kinetic parameters obtained for the different substrates (Tables 1, 2, 3) , we observed that the hydrolysis rates (V m ) increase significantly at alkaline pHs for both enzymes and their combination; but since the affinities (K 0.5 ) hardly change and the catalytic efficiencies (k cat /K 0.5 ) are much higher for PP i compared with ATP, ADP, and AMP, a small elevation to pH 8 induces a relative advantage for PP i hydrolysis by NPP1 over phosphonucleotide hydrolysis, an advantage less clear at pH 9 (Table 3) . Hence, these experiments illustrate that a small elevation in pH considerably influences enzyme catalysis by TNAP and NPP1 differently, speeding up PP i hydrolysis, resulting in an elevation of the P i /PP i ratio.
Because our data suggested a balanced hydrolysis for the various substrates, we also investigated the nucleotide hydrolysis at pH 9, monitoring the formation of reaction intermediates as a function of time during hydrolysis of ATP and ADP, separating and quantifying the products by HPLC. The amounts of ADP, AMP, and/or adenosine produced for the different proteoliposomes are shown for the hydrolysis of ATP (Fig. 3) and ADP (Fig. 4) .
Hydrolysis of ATP resulted in ADP, AMP, and adenosine formation by the various proteoliposomes with different efficiencies, as predicted by Table 2 (Fig. 3) . Nonetheless, the time-dependent catalysis of ATP is more pronounced in TNAP proteoliposomes than in the liposomes containing TNAP ? NPP1. Assays were done at 37°C and buffered with 50 mM AMPOL, pH 9, containing 2 mM MgCl 2 and substrate and released P i was measured high catalytic efficiency to adenosine and phosphate (Table 2) . Adenosine accumulated to a higher degree upon incubations with TNAP and TNAP ? NPP1 proteoliposomes (Fig. 3c) . The larger adenosine accumulation by these proteoliposomes reflects the higher activity of TNAP during ADP formation and its further breakdown to AMP and adenosine compared with NPP1, which generates AMP and PP i directly, in addition to behaving as a phosphatase (Table 2 ; Fig. 5 ). When ADP was used, the highest catalysis rate was observed (Fig. 4) again for TNAP proteoliposomes. However, catalysis of ADP by NPP1 proteoliposomes (Table 2 ; Fig. 4 ) confirmed that this enzyme can behave as a phosphatase.
Compared to control incubations with empty liposomes, all proteoliposomes induced mineral formation when incubated in SCL containing 1 mM ATP as substrate; but the induction of mineralization was equivalent at pH 7.5 and 8 and considerably less at pH 9 (Fig. 6) . When comparing the effects of ACP and PS-CPLX in modulating mineral formation, the two complexes did not present significant differences at pHs 7.5 and 8 but at pH 9 PS-CPLX had a more pronounced effect on mineral formation by proteoliposomes containing TNAP compared to proteoliposomes containing NPP1 (Fig. 6 ). Yet, TNAP ? NPP1 proteoliposomes triggered significantly more extensive P i -dependent mineralization than TNAP proteoliposomes, despite the lower content in the former proteoliposomes [14] , suggestive of additive hydrolytic activities for NPP1 and TNAP.
Discussion
Endochondral calcification is a complex process in which Ca 2? and P i in solution are processed and brought together to induce precipitation of a mineral phase that ultimately forms HA, the principal mineral of bone. One of the essential features of mineralization-inducing MVs is the presence of a nucleation core [23, 24] composed of ACP, complexed in part with PS to form PS-CPLX capable of inducing mineral formation when incubated in an SCL [36] [37] [38] . It is important to recognize that ACP is a kinetically unstable mineral that forms only when both Ca 2? and P i are present in high (mM) levels [39, 40] . Thus, the presence of ACP provides important clues to the process of MV formation. Although P i -containing PS-CPLXs can induce HA formation, in vivo many factors appear to be involved in regulating its formation and activity [41] . PSCPLXs are present at the early stages of almost all calcifying tissues as growth plate cartilage [42] , bone [43] , and MVs [44] .
One of the most effective ways to destroy the ability of the nucleational core to induce mineral formation is simple exposure to isosmotic, pH 6 citrate buffer [23] . This reveals that it is highly sensitive to even mildly acidic conditions. On the other hand, at pH 8, the nucleational core is highly stable and insoluble. Past studies on the formation of mineral have shown that the nucleational activity of the MVs and the nucleational core is operative only within a very narrow pH range, 7.4-7.8 [45] . Either below or above this range, its ability to nucleate mineral formation was very reduced. But in the studies reported by Wu et al. [46] , the pH range in which rapid mineral formation occurred was broader (pH 7.4-8.0). This is in agreement with our data since the induction of mineralization by our proteoliposomes, in the absence of pyrophosphate, was more efficient at pHs 7.5 and 8 and already much less at pH 9, although the optimum pH for the activities of TNAP and NPP1 is alkaline. This difference may be due to the fact that substrate hydrolysis occurs in a lipidic microenvironment, while the process of nucleation/mineralization takes place in a different microenvironment; thus, the optimum pH for substrate hydrolysis may be distinct from the optimum pH for mineralization, which, moreover, depends on the biophysical properties of the calcium-phosphate complexes and their stability, both pH-dependent processes [47] .
Proteoliposomes can be obtained by mechanical dispersion, sonication, extrusion, solvent dispersion, cosolubilization with detergents, reverse-phase evaporation, and direct insertion after detergent removal [17, 48, 49] . Our long-term goal is to reconstitute more complex proteoliposomes containing TNAP, NPP1, PHOSPHO1 [50] , Pit-1/2, ANK, Annexins, etc. [51] , which will recapitulate the key events leading to initiation of MV-mediated calcification in vitro since the lipid membrane plays an important role as a nucleation agent in the biomineralization process [52] , as a protective and/or activation agent [53] .
In order to understand the physiological interplay between important MV-associated enzymes in the initiation of biomineralization, it is important to keep in mind the microenvironment in which these enzymes function, which can have a profound effect on their biological properties since the lipid membrane plays an important role in the initiation of the biomineralization process [54, 55] . Thus, the ability of synthetic or natural vesicles [16, 17] to mimic the structure and function of biomembranes makes these structures an advantageous and convenient model to reconstitute either TNAP, NPP1, or both together since the modulation of enzyme activities by the lipid microenvironment seems to be common between enzymes that have a GPI anchor. Lehto and Sharom [56] reported a reduction in the catalytic efficiency of the enzyme 5 0 -nucleotidase upon insertion of the protein into liposomes with different lipid composition, and the activity could be restored upon enzyme release from the membranes after treatment of the proteoliposomes with GPI-specific PLC. They reported that the degree of activity reduction was dependent on the lipid bilayer where the GPI anchor was inserted, suggesting that different lipids affect the activity of the enzyme in different ways, maybe through alteration in protein conformation transmitted from the membrane to the protein solely through the GPI anchor [57] . We have previously documented that although the enzymatic efficiency (k cat /K m ) remained comparable between polidocanol-solubilized and membrane-bound TNAP for all substrates used, the value of k cat /K m for the GPI-specific, PLC-solubilized enzyme increased *108-, 56-, and 556-fold for pNPP, ATP, and PP i , respectively, compared with the membrane-bound enzyme [15] .
Bone homeostasis is profoundly affected by local pH. The skeleton contains a large reserve of alkaline mineral (HA), which is ultimately available to neutralize metabolic H ? if acid-base balance is not maintained within narrow limits [20] . Bone cells are extremely sensitive to the direct effects of pH: acidosis inhibits mineral deposition by osteoblasts but activates osteoclasts to resorb bone and other mineralized tissues [20] . These responses act to maximize the availability of OH -ions from HA in solution, where they can buffer excess H ? . The mechanisms by which bone cells sense pH changes are likely to be complex, involving ion channels and receptors in the cell membrane, and direct intracellular effects [20] .
Most of the studies correlating pH with different aspects of the biomineralization process are done at pHs close to physiological pH, although pH appears to play a regulatory role during the mineralization process [18] [19] [20] . Wu et al. [19] reported numerous focal elevations in pH ([8.0) in central regions of maturing and early hypertrophic chondrocytes, with lower pH (6.5-7.2) near the cell periphery of the late hypertrophic and calcifying cells, suggesting that this pattern of cytoplasmic alkalinization and subsequent acidification contributes to loading of Ca 2? and P i into MVs during their formation by chondrocytes. Chakkalakal et al. [18] reported that the pH of repair tissue fluids may play a regulatory role in the healing and mineralization of bone, suggesting that the process of mineralization and bone repair is tissue pH-dependent. Even when the formation of HA was investigated in the pH range 9.5-12.0 [58] , the influence of mild pH fluctuations on the players implicated in the biomineralization process is less well known. P i transport into MVs appears to take place by at least two pathways: the first being mediated by a P i transporter, e.g., the type-III Na ? -dependent phosphate transporter (NaP i T) [59] , and a second not strictly Na ? -dependent [60] . This second category has been shown to be alkaline pH-specific. Thus, an alkaline pH would favor mineralization by promoting P i transport to the inner MVs. Besides, Balcerzak et al. [61] characterized the proteome of MVs isolated from chicken embryo bones and cartilage and reported the presence of H ? -ATPase, making it possible to establish a pH gradient, allowing a more alkaline pH in the neighborhood of this pump.
The hydrolysis rates were quite different at pH 7.4 and alkaline pHs (Table 3) , being relatively slower at physiological pH for all substrates. But analysis of K 0.5 values (Table 3) for pHs 8 and 9 shows that the affinities for PP i are comparable for the combined enzyme proteoliposomes, which is not the case for ATP. Also, at alkaline pHs, the catalytic efficiencies are much higher for both TNAP and NPP1 proteoliposomes for PP i hydrolysis than for ATP hydrolysis. Since at pH 8, NPP1 becomes such an efficient enzyme in catalyzing PP i , our findings suggest that mild pH elevations will convert PP i into a preferred substrate, for both TNAP and NPP1. A further elevation of the pH to 9 does not further drive this differentiation since the catalytic efficiencies for PP i conversion by NPP1 drop again. Likewise, due to the high K 0.5 values at pH 9, catalysis of ATP, ADP, and AMP does not further improve. Increasing pH also impacts on the solubility of Ca (pyro)phosphate [47] , strongly reducing the solubility of calcium-phosphate, at pH [ 8. This is clearly illustrated in our present study, where poor mineralization occurred at pH 9. In view of the limited solubility of Mg pyrophosphate at physiological pH (around 40 lM), it is not surprising that a gain for the PP i hydrolysis benefits from a narrow pH range only. Further pH elevation beyond pH 8 will affect the solubility of Ca and Mg pyrophosphate, i.e., will no longer have a beneficial effect on bone mineralization.
Our data and those of others have conclusively demonstrated that a major role of TNAP is to restrict the extracellular pool of PP i to allow controlled calcification to proceed [7, 8] . The ability of TNAP to use ATP as a substrate to initiate calcification has also been documented by many investigators [5, 62] , although the details of how ATP-derived P i participates in calcification remain to be established. Our own work has confirmed that purified TNAP and MVs efficiently hydrolyze ATP as well as its metabolites ADP and AMP [13] . It is well known that pH plays an important role in determining the behavior of TNAP, and of NPP1, as a pyrophosphatase or as an ATPase. Our work shows that a slight elevation in pH from 7.4 to 8 significantly increases the hydrolysis of PP i by NPP1 and the hydrolysis of ATP by TNAP. This implies that small pH fluctuations will facilitate bone formation by elevating the P i /PP i ratio at least in the very narrow pH zone where the nucleational core is operative, up to a maximum of pH 8 [45] .
The use of proteoliposomes suggests that TNAP activity and specificity in phospho substrate hydrolysis can be enhanced by slight local pH elevations in the neighborhood of calcifying MVs, affecting biomineralization. A slightly alkaline pH outside the MVs could favor two mechanisms: provide larger amounts of P i during nucleation of the first HA crystals and reduce PP i more efficiently, enough to support crystal growth along collagen fibrils. The critical balance between these reactions (Fig. 5) is believed to establish a proper P i /PP i ratio, conductive to biomineralization.
